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In global genome repair (GGR), XPC detects
damaged nucleotides and recruits TFIIH complex.
The small acidic region of XPC binds to the pleckstrin
homology (PH) domain of TFIIH subunit p62; how-
ever, the recognition mechanism remains elusive.
Here, we use nuclear magnetic resonance to present
the tertiary structure of XPC bound to the PH domain.
The XPC acidic region forms a long string stabilized
by insertion of Trp133 and Val136 into two separate
hollows of the PH domain, coupled with extensive
electrostatic contacts. Analysis of several XPC mu-
tants revealed that particularly Trp133 is essential
for binding to the PH domain. In cell lines stably
expressing mutant XPC, alanine substitution at
Trp133 or Trp133/Val136 compromised UV resis-
tance, recruitment of TFIIH to DNA damage, and
removal of UV-induced photoproducts from genomic
DNA. These findings show how TFIIH complex is
recruited by XPC to damaged DNA, advancing our
understanding of the early stage of GGR.
INTRODUCTION
The genome is constantly confronted with the risk of DNA
damage by various factors such as hazardous metabolic by-
products, carcinogens, and UV radiation. To protect the genome
from such attacks, organisms have evolved sophisticated DNA
repair systems, one of which is nucleotide excision repair
(NER). Dysfunction of the NER pathway causes rare genetic
disorders, including xeroderma pigmentosum (XP), Cockayne
syndrome, and trichothiodystrophy (Lehmann, 2003).
Initiation of mammalian NER proceeds by one of two subpath-
ways: transcription-coupled repair (Fousteri and Mullenders,
2008; Hanawalt and Spivak, 2008) and global genome repair
(GGR) (Shuck et al., 2008; Naegeli and Sugasawa, 2011). In
mammalian GGR, the XP-related gene product XPC (xeroderma
pigmentosum group C complementing protein) detects DNA le-
sions (Sugasawa et al., 1998; Volker et al., 2001). XPC is a struc-
ture-specific DNA-binding factor that recognizes distortion of theStructure 23, 1827–damaged DNA double helix rather than the chemical structure of
a lesion, thus being able to detect various types of damage (Min
and Pavletich, 2007; Sugasawa et al., 2001, 2002). Accurately
positioned XPC then loads a ten-subunit complex, TFIIH (Egly
and Coin, 2011), onto the lesion to open up the damaged DNA.
The recruitment of TFIIH by XPC is mediated by interactions
involving the p62 and XPB subunits of TFIIH (Yokoi et al.,
2000). It has been shown that the N-terminal region of XPC inter-
acts with p62, whereas its C-terminal region interacts with p62
and XPB (Bernardes de Jesus et al., 2008). A recent structural
study on the complex formed between Rad4 and Tfb1, the
respective budding yeast homologs of human XPC and p62,
clarified one of the binding interfaces in yeast proteins and sug-
gested that the interaction might occur between a small, highly
acidic region of human XPC (residues 129–138) and the pleck-
strin homology (PH) domain (residues 1–108) of human p62 (La-
france-Vanasse et al., 2013). The PH domain of p62 serves as a
critical hub in protein-protein networks involved in DNA repair
and transcription processes.
In addition to XPC, the p62 PH domain binds to an acidic
domain of the general transcription factor TFIIEa (Di Lello et al.,
2008; Okuda et al., 2008), the transactivation domain (TAD) of
the tumor suppressor p53 (Di Lello et al., 2006; Okuda and Nish-
imura, 2014). Although various partners of the p62 PH domain
have been identified (Di Lello et al., 2005; Iyer et al., 1996; Mas
et al., 2011), only two tertiary structures of the human p62 PH
domain bound to the TFIIEa acidic domain (Okuda et al., 2008)
and phosphorylated p53 TAD (Okuda and Nishimura, 2014)
have been reported. The main reason is the low solubility and
stability of the human p62 PH domain in complex. In contrast,
the tertiary structures of six complexes of the PH domain of
Tfb1 from budding yeast have been solved (Chabot et al.,
2014; Lafrance-Vanasse et al., 2012, 2013; Langlois et al.,
2008; Mas et al., 2011). Although budding yeast cells possess
no p53, the TAD of human p53 binds strongly to the PH domain
of yeast Tfb1, as well as to that of human p62 (Di Lello et al.,
2006). Our previous study showed that the mode of binding be-
tween p53 TAD and the p62 PH domain is significantly different
from that between p53 TAD and the Tfb1 PH domain. The two PH
domains maintain a similar architecture; however, their electro-
static surface structures are entirely different from each other
(Okuda and Nishimura, 2014), suggesting that there are signifi-
cant differences both in recognition of the PH domain in the
NER and in transcription initiation between human and yeast.1837, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1827
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A Figure 1. Structure of the Complex between
the XPC Acidic String and the TFIIH p62 PH
Domain
(A) Domain organization of XPC and TFIIH p62. AS,
acidic string; TGD, transglutaminase-homology
domain; BHD, b-hairpin domain; PH, pleckstrin
homology domain; BSD, BSD domain.
(B and C) Overlay of the backbone structures (B)
and ribbon representation (C) of the 20 best struc-
tures. Disordered regions (residues 109–123 and
144–156) of XPC109–156 have been omitted for
clarity. XPC is shown in magenta and p62 in orange.Thus, the structure of the complex between XPC and p62 PH
domain is necessary for our understanding of the early steps in
mammalian GGR, and would also enable us to identify structural
similarities and differences between transcription and GGR initi-
ation in mammals.
In the present study, we have determined the tertiary struc-
ture of the acidic region of human XPC (residues 109–156)
bound to the PH domain of human TFIIH p62. XPC uses a
coupled folding and binding mode, and wraps around the basic
surface of the p62 PH domain much more than would be
expected from the structure of its yeast homolog Rad4. The
bound structure of XPC closely resembles the extended acidic
string-like structures observed for the transcription factors
TFIIEa and p53 bound to the p62 PH domain; however, the
structure reveals critical differences in the recognition site.
The structure also explains why the affinity of the complex
is increased by phosphorylation of XPC. The key residues of
XPC necessary for strong binding have been verified by muta-
tional analyses using isothermal titration calorimetry (ITC)
in vitro and immunoprecipitation in vivo. Lastly, alanine substi-
tution of these key residues compromised both UV resistance
and the repair of UV-induced pyrimidine-pyrimidone (6-4) pho-
toproducts (6-4PPs) in XPC-deficient cells stably transformed
to express XPC protein.
RESULTS
Overall Structure of the Complex between the XPC
Acidic String and the p62 PH Domain
In apreviousstudy,XPC109–156 exhibitedpoorlydispersednuclear
magnetic resonance (NMR) signals on a 1H,15N-HSQC (heteronu-
clear single-quantum coherence) spectrum, but addition of the
p62 PH domain led to amarked expansion of several specific sig-
nals, showing that XPC109–156 transitions from an intrinsically
disordered structure to a specific tertiary structure upon binding
to the p62 PH domain (Okuda and Nishimura, 2015). Here, we
determined the structure of this complex using NMR spectros-
copy (Figure 1A). In total, 182and 2,545nuclearOverhauser effect
(NOE)-deriveddistance restraintscollected for XPC109–156 and the
PH domain, 96 hydrogen bond restraints for the PH domain, 211828 Structure 23, 1827–1837, October 6, 2015 ª2015 Elsevier Ltd All rights reservedand 259 dihedral angle restraints for
XPC109–156 and the PH domain, and 303
intermolecular NOE-derived distance re-
straints were used to define the structure
of the complex (Figure 1B; Table 1).The global structure of the p62 PH domain consists of seven b
strands (b1–b7) arranged in two b sheets and an a helix (a1). The
b1–b4 and b5–b7 strands form the first and second anti-parallel b
sheets, respectively. These two b sheets are linked by a contact
between the b1 and b7 strands, and by a 310 helix connecting the
b4 and b5 strands to form a b sandwich. The C-terminal a1 helix
interacts substantially with the b sandwich, and this interaction
renders the structure compact. XPC109–156 broadly wraps
around one side of the PH domain in an elongated string-like
structure. The region corresponding to residues 128–141 in
XPC109–156 is well ordered, with residues 134–137 forming an
anti-parallel b sheet with the b5 strand of the PH domain.
Intermolecular Interactions
XPC has five consecutive glutamate amino acids located at res-
idues 124–128 in the N terminus of the binding region. These
acidic residues interact electrostatically with Lys18 and Lys19
in the loop between strands b1 and b2 of the p62 PH domain,
andwith Lys62 in the loop between strands b5 and b6 (Figure 2A).
Another glutamate, Glu130, seems to make electrostatic con-
tacts with Lys18 (Figure 2A) or Lys60 of the PH domain in other
NMRensemble structures (PDB: 2RVB). Although no intermolec-
ular NOEs between Glu130 of XPC and Lys18 of the PH domain
were observed, structures calculated with water refinement
including an electrostatic potential energy term suggested that
there is an electrostatic interaction between them.
Asp132 of XPC, whichmakes electrostatic contacts with Lys60
of the PH domain, also interacts with Ser56 and Pro57 in the C
terminus of strand b5 (Figure 2B). Trp133 of XPC inserts its indole
ring into a pocket on the second b sheet formed by Lys54, Ile55,
and Ser56 in strand b5, Pro57 and Lys60 in the loop, Gln64,
Leu65, and Gln66 in strand b6, and Asn76 in strand b7, making
amino (d+)-aromatic (p) interactions (Burley and Petsko, 1986)
with Gln64, Gln66, and Asn76 (Figure 2B). Via its aliphatic part,
Glu134 makes hydrophobic interactions with Ile55 and Pro57 of
the p62 PH domain (Figure 2C). Glu134 also seems tomake elec-
trostatic contact with Arg89 in the a1 helix (Figure 2C). Glu135 of
XPC exclusively makes van der Waals and electrostatic contacts
with Lys54 of thePHdomain (Figure 2C). Val136, the hydrophobic
residue sandwiched between the glutamates, inserts its side
Table 1. Structural Statistics for the 20 Best Structures of the
Complex between the XPC Acidic String and the TFIIH p62 PH
Domain
XPC Acidic
String
TFIIH p62
PH Domain
Experimental Restraints
Distance restraints
Total NOE 182 2,545
Intraresidue 17 368
Sequential (i  j = 1) 134 623
Medium-range
(1 < i  j < 5)
31 456
Intramolecular
long-range
(i  jR 5)
0 1,098
Intermolecular 303
Hydrogen bond 0 48 3 2
No. of dihedral
restraints
4 9 96
c 9 94
c1 3 59
c2 0 10
Statistics for Structure Calculations
Rmsd from experimental restraintsa
Distance (A˚) 0.027 ± 0.001
Dihedral () 0.357 ± 0.032
Rmsd from idealized covalent geometry
Bonds (A˚) 0.00452 ±
0.00013
Angles () 0.645 ± 0.015
Improper () 0.650 ± 0.019
Coordinate precision
Backbone atoms (A˚) 0.75 ± 0.23b 0.63 ± 0.12c 0.56 ± 0.11d
Heavy atoms (A˚) 1.61 ± 0.36b 1.29 ± 0.18c 1.20 ± 0.18d
Ramachandran plot statistics
Residues in most
favored regions (%)
81.7e
Residues in additional
allowed regions (%)
15.6e
Residues in generously
allowed regions (%)
2.8e
Residues in disallowed
regions (%)
0.0e
Rmsd, root-mean-square deviations.
aNone of the structures exhibited distance violations >0.5 A˚, dihedral
angle violations >5.
bThe value was calculated over residues 128–141 of the XPC acidic string
in the complex.
cThe value was calculated over residues 128–141 of the XPC acidic string
and residues 7–104 of the TFIIH p62 PH domain in the complex.
dThe value was calculated over residues 7–104 of the TFIIH p62 PH
domain in the complex.
eThe value was calculated over residues 124–141 of the XPC acidic string
and residues 7–104 of the TFIIH p62 PH domain in the complex.
Structure 23, 1827–chain into another shallow pocket made by Gln53 and Ile55 in
strand b5, and Lys93 andGln97 in the a1 helix, andmakes hydro-
phobic contacts with the methyl groups of Ile55 and the aliphatic
parts of the other pocket-forming residues of the PH domain (Fig-
ure 2C). Glu137 of XPC makes van der Waals contacts with
Cys52 in strand b5 of the PH domain (Figure 2C).
Thewater refinement suggests thatGlu137of XPCmakes elec-
trostatic interacts with Lys51 in the N terminus of strand b5 of the
PH domain (Figure 2D). Similarly, the following residue, Glu138,
also seems to interact electrostatically with Lys51 (Figure 2D). In
addition, Glu138 makes electrostatic contacts with Lys104 and
van der Waals contacts with Pro101 in the a1 helix of the PH
domain (Figure 2D). The following hydrophobic residue, Leu139,
makes extensive hydrophobic contacts with the aliphatic regions
of Gln97 and Gln98 in the C terminus of the a1 helix (Figure 2D).
Leu139 and Ser140 make van der Waals contacts with Pro101
of the PH domain (Figure 2D). The water-refined structures sug-
gest that there are electrostatic interactions between Glu141 of
XPC and Lys102 of the p62 PH domain (Figure 2D).
XPCDiffers from Its Yeast Homolog Rad4 in Recognition
of the PH Domain
The structure of the complex formed between Rad4 and Tfb1,
the respective budding yeast homologs of human XPC and
p62, has been determined (Lafrance-Vanasse et al., 2013).
Similar to XPC, Rad4 makes extensive electrostatic contacts
with basic residues in the PH domain of Tfb1 via Asp91, Glu94,
Glu96, Asp97, and Asp100 (Figure S1A), and inserts the aromatic
residue Phe95 and the hydrophobic residue Val98 into two bind-
ing pockets on the surface of the Tfb1 PH domain (Figure 3A; Fig-
ures S1B and S1C). In each pocket, Phe95 forms a cation-p
interaction with Arg61, and Val98 makes hydrophobic contacts
via both its methyl groups. The essential short sequences of
Asp132-Val136 in XPC and Glu94-Val98 in Rad4 are highly
conserved (Figure S2A). We have designated these sequences
a ‘‘D/E-F/W-E-D/E-V’’ motif.
The outside residues of Rad4, however, make an entirely
different contribution from that of XPC to recognition of the PH
domain. As mentioned above, the N-terminal residues Glu125,
Glu126, and Glu127 of XPC interact electrostatically with
Lys18, Lys19, and Lys62 in the p62 PH domain (Figures 2A,
3A, and 3B). Although Rad4 also has consecutive acidic residues
in the same position (Glu87, Glu88, and Asp89; Figure 3A), these
are unlikely to participate in the binding (Figures 3C and 3D; Fig-
ure S1D). Moreover, the C-terminal residues Leu139, Ser140,
and Glu141 of XPCmake exclusive interactions with the C termi-
nus of the a1 helix of the p62 PH domain (Figure 3B), but the cor-
responding residues in Rad4 (Gly101, Asn102, and Glu103) do
not seem to take part in recognition of the PH domain of Tfb1
(Figures 3C and 3D; Figure S1D). Notably, the p62 PH domain
and the Tfb1 PH domain are substantially different in their
arrangement of basic residues essential for electrostatic interac-
tions with the acidic residues of XPC and Rad4 (Figure S2B).
Similarities of XPC to TFIIEa and p53 in Recognition of
p62 PH Domain
To date, the tertiary structures of the human p62 PH domain
bound to two of its interaction partners have been determined:
namely, a complex with the acidic domain of TFIIEa (Okuda1837, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1829
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Figure 2. Intermolecular Interactions be-
tween the XPC Acidic String and the p62
PH Domain
Interactions of the XPC acidic string involving
E124–E130 (A), D132 and W133 (B), E134–E137
(C), and E137–E141 (D). Residues of XPC and p62
are labeled in uppercase and lowercase letters,
respectively.et al., 2008), and one with diphosphorylated TAD2 of p53 (Okuda
and Nishimura, 2014). To characterize the unique binding fea-
tures of the acidic string of XPC, we compared in detail the pre-
sent structure with those of these related complexes (Figure 4).
The acidic domain of TFIIEa is composed of a highly acidic
N-terminal tail (residues 378–393) (Figure 4A) and a core domain
(residues 394–439) consisting of a b turn and three a helices (Fig-
ure 4C). The N-terminal tail of TFIIEa and the acidic string of XPC
have highly similar sequences (Figure 4A), and both bind to an
almost identical surface in the PH domain in an extended
string-like structure, partly forming a b strand (Figures 4B and
4C). Almost all of the acidic residues of XPC involved in complex
formation make electrostatic interactions with the same basic
residues of the p62 PH domain that are contacted by the equiv-
alent acidic residues of the N-terminal tail of TFIIEa (Figures 4E
and 4F). In addition, both XPC and TFIIEa insert an aromatic res-
idue (Trp133/XPC, Phe387/TFIIEa) and a valine (Val136/XPC,
Val390/TFIIEa) into the same binding pockets in the PH domain
(Figures 4E and 4F). Notably, however, XPC and TFIIEa differ in
other elements that are required for high binding activity. The
XPC acidic string exhibits strong binding on its own, whereas
the N-terminal tail of TFIIEa needs assistance from the core
domain to bind tightly. Glu138, Leu139, Ser140, and Glu141 of
XPC are used for binding to Gln98, Pro101, Lys102, and
Lys104 located in the C terminus of the a1 helix of p62 PH
domain (Figure 4H). In TFIIEa, by contrast, Pro394 and Ile395,
and Arg432, Met433, and Asp436, which are located at the N
and C termini of the core domain, respectively, are responsible
for the interaction (Figure 4I). Moreover, Glu141 of the acidic
string of XPC is likely to make a salt bridge with Lys102 of the
PH domain, but TFIIEa does not make a similar contact.1830 Structure 23, 1827–1837, October 6, 2015 ª2015 Elsevier Ltd All rights reservedLike XPC and TFIIEa, p53 TAD2 phos-
phorylated at Ser46 and Thr55 also forms
an elongated string-like structure on the
PH domain, folding in a binding-coupled
manner (Figure 4D). p53 shares the same
binding mode as XPC and TFIIEa: namely,
extensive electrostatic interactions with
basic residues such as p62 Lys18, Lys19,
Lys54, Lys60, Lys62, Lys93, and Lys104
via its many acidic residues; and insertion
of an aromatic ring, Trp53, into the binding
pocket of the PHdomain (Figure 4G). How-
ever, p53 TAD2 does not exclusively con-
tact the C-terminal part of the a1 helix
(Figure 4J); instead, its dual phosphoryla-
tion enables it to exhibit high binding activ-
ity. PhosphorylatedSer46andThr55ofp53
correspond to, respectively, Glu126 andGlu135 of XPC, and Asp380 and Glu389 of TFIIEa. Glu126 of
XPC, Asp380 of TFIIEa, and phosphorylated Ser46 of p53 make
electrostatic contacts with Lys18/Lys19 of p62 (Figures 4K–4M).
Similarly, Glu135 of XPC, Glu389 of TFIIEa, and phosphorylated
Thr55 of p53 interact electrostatically with Lys54 of p62. In a pre-
vious in vitro study, phosphorylation at Ser129 increased binding
of XPC to the p62 PHdomain by3.2-fold (Okuda andNishimura,
2015). In our present structure, Ser129 is located proximate to
Lys60 and Lys62 in the loop between strands b5 and b6 of the
PHdomain (Figure 4K). In both TFIIEa and p53, the equivalent res-
idue isacidic (Glu383andAsp49, respectively; Figures4Land4M).
Key XPC Residues Involved in Binding
To estimate the contribution of the contact residues of the XPC
acidic string to binding to the p62 PH domain, we performed a
mutational analysis using ITC (Figure 5). Initially, we compared
the dissociation constant (Kd) of XPC109–156, which was used for
NMR structure determination, with that of a short peptide
comprising residues 124–142 that form the binding site (Figures
5A, 5B, and 5K). Although the stoichiometry deviated from a 1:1
complex, possibly due to the somewhat small quantity of associ-
atedcomplexofhumanp62PHdomainandXPC fragment formed
under the condition of the ITC experiment, the binding affinity of
XPC124–142 was significant and as strong as that of XPC109–156.
Thus, we used short XPC124–142 derivatives in the following muta-
tionanalysis (Figures5C–5J), keeping inmind thesomewhat small
quantity of associated forms of complex. The presumed associ-
ated forms could not be detected in our NMR experiments, but
the apparent solubility of the complex between the p62 PH
domain and each XPC fragment seemed to be lower than that of
the p62 PH domain or each individual XPC fragment alone.
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Figure 3. Structure Comparison with the Yeast Rad4-Tfb1 Complex
(A) Alignment of the amino acid sequences of the acidic strings of human XPC and budding yeast Rad4. The binding sites are underlined. The ‘‘D/E-F/W-E-D/E-V’’
motif is highlighted in yellow.
(B) The 20 best structures of the complex of the human XPC acidic string and the p62 PH domain (PDB: 2RVB). XPC (residues 124–141) is shown in magenta and
the p62 PH domain in orange.
(C) The 20 best structures of the complex of the yeast Rad4 acidic string and the Tfb1 PH domain (PDB: 2M14). Residues 91–100 of Rad4 are shown in magenta
and the outside residues, 90 and 101–103, in gray. The Tfb1 PH domain is shown in orange. See also Figure S1.
(D) Superimposition of the 20 best structures of the complex of the human XPC acidic string and the p62 PH domain, and the 20 best structures of the complex of
the yeast Rad4 acidic string and the Tfb1 PH domain. The XPC acidic string and the p62 PH domain are shown in red and in pink. The Rad4 acidic string and the
Tfb1 PH domain are in blue and cyan. See also Figures S2A and S2B.Alanine substitution of Glu128, one of the five consecutive
glutamate residues (Figure 4A) that interacts electrostatically
with Lys18/Lys19 of the PH domain, weakened the binding
2.1-fold (Figures 5C and 5K). Alanine replacement of Ser129,
which is located in the vicinity of Lys60/Lys62 of the PH domain
(Figure 4K), did not change the binding affinity, although phos-
phorylation of this residue led to a 2.1-fold increase in binding
(Figures 5D, 5E, and 5K). Substitution of Asn131 with alanine
had almost no effect on the binding (Figures 5F and 5K). This
result is consistent with the NMR complex structure, in which
Asn131 does not seem to participate in binding. The alanine
mutant of Trp133, which is inserted into the binding pocket
in the PH domain (Figure 4E), showed no binding (Figures 5G
and 5K).
Next, we investigated whether another aromatic residue—that
is, phenylalanine as found in Rad4 and TFIIEa—could be accept-
able in this position (Figure 4A). Phenylalanine substitution of
Trp133 conferred a 3.3-fold decrease in binding affinity (Figures
5H and 5K). As mentioned above, XPC inserts Val136 intoStructure 23, 1827–another binding pocket of the PH domain (Figure 4E); alanine
substitution of Val136 decreased the binding affinity 11.4-fold
(Figures 5I and 5K). Alanine substitution of the following hydro-
phobic residue Leu139 conferred only a 1.3-fold reduction in
binding affinity (Figures 5J and 5K).
Mutation of Key Residues Compromises the Functions
of XPC In Vivo
To examine the biological relevance of the interaction between
XPC and p62, we constructed vectors expressing Flag-tagged
full-length XPC with single and double alanine substitution of
Trp133 and Val136. The constructs were stably transformed
into XPC-deficient human cells (XP4PASV) to express themutant
XPC proteins. In line with previous data, the XPB subunit of TFIIH
was co-immunoprecipitated together with wild-type Flag-XPC,
whereas this interaction was largely abolished by mutations at
either or both of the two hydrophobic residues (Figure 6A).
Longer exposure of the blot indicated that the V136A mutant of
XPC bound to TFIIH with a slightly higher affinity compared1837, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1831
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(A) Alignment of the amino acid sequences of the
acidic string of XPC, the N-terminal tail of the acidic
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(B–D) Overlay of the 20 best structures.
(E–G) Electrostatic potential surface of the p62
PH domain. Positive potential is shown in blue,
negative potential in red. XPC, TFIIEa, and p53 are
shown in stick representation, with acidic amino
acids that make electrostatic contacts in red, and
aromatic and valine residues that insert into the
binding pockets in yellow and orange, respectively.
(H–J) Interactions with the C-terminal region of the
a1 helix in the p62 PH domain.
(K–M) Phosphorylation sites.
In (B), (E), (H), and (K), the XPC acidic string is
shown in magenta and the p62 PH domain in or-
ange (PDB: 2RVB). In (C), (F), (I), and (L), the TFIIEa
acidic domain is shown in green and the p62 PH
domain in orange (PDB: 2RNR). In (D), (G), (J), and
(M), p53 phosphorylated TAD2 is shown in cyan
and the p62 PH domain in orange (PDB: 2RUK).with the W133A or W133A/V136A mutant, consistent with the Kd
values measured by ITC (Figures 5G, 5I, and 5K).
As expected from these binding experiments, cells stably ex-
pressing the W133A or W133A/V136A mutant were unable to re-
move UV-induced 6-4PPs from genomic DNA (Figure 6B). When
these cells were locally irradiated with UV through isopore mem-
brane filters, we found that recruitment of TFIIH to the damaged
areas was severely compromised, whereas both mutant XPC
proteins were recruited normally (Figures 6C and 6D). On the
other hand, the repair activity of the cell line expressing the
V136A single mutant was slightly lower, but comparable with
that of the wild-type control, despite the substantially compro-
mised interaction with TFIIH. Accordingly, the V136A cells
were as resistant to UV as the wild-type cells, whereas the
W133A and W133A/V136A cells showed higher sensitivity (Fig-
ure 6E). Although XPC with the W133A substitution seemed
largely inactive in the repair of 6-4PPs, the mutant XPC proteins1832 Structure 23, 1827–1837, October 6, 2015 ª2015 Elsevier Ltd All rights reservedstill conferred some UV resistance on the
parental XPC-deficient cells. Collectively,
these findings indicate that Trp133 of
XPC is particularly important for interac-
tion with and recruitment of TFIIH, cellular
NER activity, and UV resistance.
DISCUSSION
The ten-subunit complex TFIIH is an
essential factor for both basal transcrip-
tion and NER. Although TFIIH is mostlyengaged in transcription under normal culture conditions, it
rapidly switches to sites of DNA damage upon UV irradiation of
cells (Hoogstraten et al., 2002). In mammals, however, the pre-
cise mechanism underlying the recruitment of TFIIH to DNA le-
sions by the GGR initiation factor XPC has remained unclear,
especially from a structural point of view. To date, the only struc-
ture available has been that of the complex between the acidic
string of Rad4 and the PH domain of Tfb1—the homologous
proteins from the budding yeast (Lafrance-Vanasse et al.,
2013). In the present study, we provide the first structural view
of the recruitment of TFIIH by XPC (Figures 1 and 2).
Notably, the acidic strings of human XPC and yeast Rad4
show common binding features based on a D/E-F/W-E-D/E-V
motif: namely, insertion of the aromatic residue (F/W) located
at the second position and the valine residue located at the fifth
position into two shallow pockets in the PH domain; and electro-
static interactions between the acidic residues at the first, third,
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Figure 5. Binding Studies of the PH Domain by ITC
Shown are thermograms (upper panels) and binding isotherms (lower panels) of the calorimetric titration. Titrant:
(A and B) Wild-type (WT) XPC: residues 109–156 (A), residues 124–142 (B).
(C–J) Mutants of XPC (residues 124–142): E128A (C), S129A (D), phosphorylated S129 (E), N131A (F), W133A (G), W133F (H), V136A (I), and L139A (J).
N represents the stoichiometry calculated from the fitting curve.
(K) The calculated binding dissociation constants (Kd). Data are the mean ± SD from the fitting curve.and fourth positions and the basic residues of the PH domain
(Figure 3). However, there are significant differences in the
contribution of residues located outside this binding motif.
Although these residues are similar in Rad4 and XPC (Figure 3A;
Figure S2A), only those in XPC seem to participate in binding. In
XPC, for example, the consecutive acidic residues located up-
stream of the binding motif (Glu125, Glu126, and Glu127) make
electrostatic contacts with Lys18 and Lys19 in the loop between
strands b1 and b2 of the p62 PH domain, whereas the three cor-
responding consecutive acidic residues of Rad4 (Glu87, Glu88,
and Asp89) make no contact with the corresponding Lys11 res-
idue of the Tfb1 PH domain. This difference is attributed mainly
to the arrangement of basic residues on the molecular surfaces
of the two PH domains (Figure S2B). As mentioned above, every
single electrostatic interaction between the basic residues of p62
and the acidic residues of XPC is critical for recognition (Figure 4).
The PH domains of p62 and Tfb1 show similar folding, neither of
which changes upon binding. However, the basic (lysine) resi-
dues of p62/Tfb1 that are important for interaction are highly
conserved inmammals but not in yeasts (Gervais et al., 2004), re-
sulting in a difference between the XPC and Rad4 acidic strings
in their folding path on the PH domain (Figure S2B). This is
closely related to the surprising evidence that human p53 binds
to the human p62PHdomain as an extended string-like structure
(Okuda and Nishimura, 2014), whereas it binds to the yeast Tfb1
PH domain as a nine-residue amphipathic helix (Di Lello et al.,
2006). The markedly different contribution of residues located
outside the binding motif is reflected in the overall contact areasStructure 23, 1827–of 2,100 A˚ in the XPC-p62 complex and 1,100 A˚ in the Rad4-
Tfb1 complex. Thus, the extensive wrapping of the basic p62 PH
domain by XPC using its acidic string region represents a crucial
characteristic conserved among mammals.
TFIIH functions not only in NER but also in transcription
(Compe and Egly, 2012; Feaver et al., 1993; Schaeffer et al.,
1993). In transcription initiation, TFIIH is recruited to the tran-
scription pre-initiation complex on a promoter region by TFIIEa
(Ohkuma et al., 1995). Importantly, TFIIEa uses its C-terminal
acidic domain to capture the TFIIH complex via a specific inter-
action with the PH domain of the p62 subunit (Di Lello et al.,
2008; Okuda et al., 2008). The structure of the p62 complex
with the TFIIEa acidic domain (Okuda et al., 2008) and that of
the p62 complex with the XPC acidic string (this study) demon-
strate that p62 uses similar recognition mechanisms for both
transcription initiation and GGR initiation (Figure 4). Namely,
the acidic string of XPC and the N-terminal tail of the TFIIEa
acidic domain make extensive electrostatic interactions with
the same lysine residues of the p62 PH domain, and both insert
their aromatic and valine residues in the D/E-F/W-E-D/E-V motif
into the same shallow binding pockets of the PH domain. These
similarities might be expected to some extent because of the
high sequence homology between the two factors (Figure 4A);
however, the structures unveil a critical difference in the recogni-
tion mechanisms. The XPC acidic string on its own makes a
broad contact surface for exhibiting high binding activity. The
TFIIEa acidic domain, by contrast, requires its N-terminal acidic
tail and core structure tomake awide contact surface (Figure S3).1837, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1833
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Figure 6. Mutation at Trp133 Compromises
In Vivo Functions of XPC
(A) Co-immunoprecipitation of TFIIH with Flag-
XPC, wild-type (WT), or the indicated mutant, sta-
bly expressed in an XPC-deficient cell line. Cells
transformed with empty vector (EV) were used as a
control.
(B) The indicated cell lines were exposed to UV
(at 10 J/m2) and the rate of repair of 6-4PPs was
compared. Mean values and standard errors were
calculated from two independent experiments.
(C) The indicated cell lines were irradiated with UV
(at 200 J/m2) through isopore membrane filters. At
15 min after irradiation, the cells were fixed and
subjected to immunofluorescence staining with
antibodies against XPC or XPB (green) and UV-
induced cyclobutane pyrimidine dimers (red).
(D) From the results in (C), the percentages of CPD
foci with detectable amounts of XPC and XPBwere
measured. The mean values and standard errors
were calculated from two independent experi-
ments, in each of which 100–250 CPD foci were
analyzed.
(E) Clonogenic UV survival assays with the cell lines
exposed to various doses of UV. Mean values and
standard errors were calculated from two or three
independent experiments.The residues of human XPC responsible for interaction with the
p62 PH domain are highly conserved in mammals (Figure S2A).
Similarly, the interacting residues and the residues important
for formation of the core structure of the human TFIIEa acidic
domain are also well conserved in mammals (Figure S2C). Inter-
estingly, yeast TFIIEa homologs do not have the core structure,
but instead have two sequences very similar to the D/E-F/W-E-
D/E-V motif (Okuda et al., 2008). Therefore, the broad contacts
to the p62 PH domainmade by the XPC acidic string in GGR initi-
ation and by the TFIIEa acidic domain in transcription initiation
are likely to be specifically important for mammalian cells.
Unlike XPC and TFIIEa, TAD2 of the tumor suppressor p53
does not interact extensively with the a1 helix of the PH domain
(Figure 4) (Okuda and Nishimura, 2014). Unphosphorylated
TAD2 binds moderately to the p62 PH domain with a Kd value
of 24 mM; however, dual phosphorylation at Ser46 and
Thr55 enables p53 TAD2 to bind more strongly (25-fold in-
crease). Once phosphorylated, Ser46 and Thr55 of p53 are
able to interact electrostatically with Lys18 and Lys19 in the
loop between strands b1 and b2, and Lys54 in strand b5,
respectively, of the PH domain of p62. In XPC, the correspond-
ing residues are Glu126 and Glu135; thus, the binding activity of
XPC cannot be modulated by phosphorylation in a manner iden-1834 Structure 23, 1827–1837, October 6, 2015 ª2015 Elsevier Ltd All rights reservedtical to that of p53 TAD2. Nevertheless,
using real-time NMR we previously found
that phosphorylation of XPC at Ser129 in-
creases binding to the p62 PH domain,
and we observed that the affinity of XPC
increases simultaneously with phosphor-
ylation (Okuda and Nishimura, 2015). In
addition, Lys62 of the p62 PH domain
showed the largest chemical shift changeduring the phosphorylation. Consistent with those observations,
in the present structure Ser129 of XPC is actually in the vicinity
of Lys62 in the loop between strands b5 and b6 of the PH
domain (Figure 4). In the ITC experiment performed here,
alanine substitution of Ser129 had no effect, but its phosphory-
lation increased the binding affinity 2.1-fold (Figure 5). These
results strongly indicate that an electrostatic interaction is
generated between phosphorylated Ser129 of XPC and Lys62
of the p62 PH domain. Notably, Ser129 is phosphorylated in vivo
(Olsen et al., 2006, 2010).
It has been reported that the ataxia telangiectasia mutated/
ataxia telangiectasia- and Rad3-related kinases phosphorylate
Ser350 and Ser892 in XPC in response to DNA damage (Mat-
suoka et al., 2007). Furthermore, WIP1 phosphatase has been
suggested to play a role in restoring cells to a pre-stressed ho-
meostatic state after the completion of DNA repair by dephos-
phorylating Ser892 in XPC and Ser196 in XPA (Nguyen et al.,
2010). The functional role of phosphorylation of XPC at Ser129
has been elusive, but our structure raises the possibility that
this phosphorylation promotes the efficiency of GGR initiation
by increasing the affinity of XPC for p62 in the TFIIH complex.
Interestingly, the acidic domain of TFIIEa, which functions in
basal transcription, is constantly maximally active in terms of
binding to p62, whereas the acidic strings of XPC and p53, which
function in response to DNA damage, become maximally active
through phosphorylation. p53 upregulates the expression of the
XPC gene in a time- and dose-dependent manner (Adimoolam
and Ford, 2002). Further studies are needed to reveal whether
there is a correlation between the affinities of PH domain com-
plexes that are increased by phosphorylation at the aforemen-
tioned sites and cellular stress responses.
To verify the functional importance of the interaction between
the XPC acidic string and the p62 PH domain in terms of GGR
in vivo, we established XPC-deficient human fibroblasts that
were stably transformed to express mutant XPC proteins defi-
cient in p62 binding (Figure 6A). Although the XPB and p62 sub-
units have been implicated in the interaction of TFIIH with XPC
(Bernardes de Jesus et al., 2008; Yokoi et al., 2000), single or
double alanine substitution of Trp133 and Val136 in XPC was
sufficient to largely abolish this interaction and in vivo recruit-
ment of TFIIH to the sites with UV-induced DNA damage
(Figures 6C and 6D). These results suggest that p62 plays a
predominant role in recruiting TFIIH to the site where XPC is
bound, and that XPB may have only a minor effect, if any.
Consistent with our data from ITC and co-immunoprecipitation
experiments, the cell lines expressing both XPC W133A and
W133A/V136A were substantially sensitive to UV and deficient
in the removal of 6-4PPs, which points, in particular, to the
importance of Trp133 in the functions of XPC in NER in vivo.
This is in stark contrast to yeast Rad4, where a yeast strain
in which both Phe95 and Val98 of Rad4 (corresponding to
Trp133 and Val136 of human XPC) were substituted with pro-
lines, which significantly reduced binding activity to the Tfb1
PH domain, showed only slightly enhanced sensitivity to UV
irradiation (Lafrance-Vanasse et al., 2013). From these results,
we speculate that the acidic string of XPC provides the main
interaction site for recruiting TFIIH complex to a site of DNA
damage in mammals, whereas the corresponding region of
Rad4 is a redundant site supporting other interactions in yeast.
This notion may explain the marked difference between the
XPC and Rad4 acidic strings in their contact surface with the
PH domain. By contrast, the cells expressing V136A were
proficient in the repair of 6-4PPs and resistant to UV, although
the interaction of XPC with TFIIH in cell extracts appeared to
be compromised by this single mutation, as observed for the
W133A and W133A/V136A proteins (Figure 6B). In the ITC ex-
periments, W133A showed no detectable binding, whereas
V136A showed a reduced but significant level of residual bind-
ing (Figure 5). One possible explanation for this contradiction is
that the conditions used in the co-immunoprecipitation experi-
ments were not suitable to detect the weakened interaction of
XPC V136A with the p62 PH domain in the context of full-length
XPC and the TFIIH holocomplex. Even with such a reduced
interaction with TFIIH; however, XPC V136A seemed to be
able to support GGR of 6-4PPs at a nearly normal level. Certain
DNA structures resulting from XPC binding may play a support-
ive role in recruiting TFIIH, such that the rather weak XPC-TFIIH
interaction may be sufficient for GGR in vivo. Nevertheless,
alanine substitution at Trp133 affected the interaction more
profoundly and abrogated cellular GGR almost completely.
Notably, cells expressing XPC W133A and W133A/V136A
were significantly more resistant to UV than the parental XPC-Structure 23, 1827–deficient cells, suggesting that expression of the XPC protein
somehow regulates cellular responses to UV independently of
its functions in GGR.
In summary, we have determined the structure of the human
XPC acidic string bound to the p62 PH domain, revealing a char-
acteristic recognition mechanism that differs considerably from
that of their respective yeast counterparts Rad4 and Tfb1. Our
study has highlighted similarities and differences in recognition
of the PH domain of p62 between the GGR and transcription
initiation pathways in mammals, and demonstrates the physio-
logical significance of this interaction for GGR. We have also
described the phosphorylation-mediated modulation of the
affinity of the complex between p62 and XPC, which differs
considerably from that between p62 and p53 TAD2. Collectively,
these findings shed light on the mechanism by which TFIIH com-
plex is recruited by XPC to a DNA lesion in mammals.
EXPERIMENTAL PROCEDURES
Preparation of Human XPC109–156
The unlabeled and 13C/15N-labeled fragments of human XPC109–156 (residues
109–156) were expressed as hexahistidine-tagged products in pET15b vec-
tors (Merck Millipore) in E. coli Rosetta 2 (DE3) pLysS (Merck Millipore). The
cells were grown at 37C in LB or M9 minimal medium containing [15N]ammo-
nium chloride and [13C]glucose. The products were expressed by induction
with 1 mM isopropyl-b-D-thiogalactopyranoside. After 20–22 hr of growth,
the cells were harvested and the cell pellet was suspended in buffer A
(20 mM Tris-HCl [pH 8.0], 10% glycerol, 1 M NaCl). The cells were lysed by
sonication and centrifuged. The supernatant was loaded onto an Ni-NTA
(nitrilotriacetic acid)-agarose column (Qiagen), equilibrated with buffer A. The
sample was washed with buffer A containing 20 mM imidazole-HCl and eluted
by 500 mM imidazole-HCl. Peak fractions were pooled and the buffer was
changed to thrombin cleavage buffer (10 mM Na2HPO4, 1.8 mM KH2PO4,
500 mMNaCl, 2.7 mMKCl [pH 7.3]) using an Amicon Ultra device (Merck Milli-
pore). The sample was digested with thrombin for 13–20 hr at 25C to remove
the histidine tag. After concentration using Amicon Ultra, the sample was
applied to a Superdex30 column (GE Healthcare) equilibrated with 20 mM
potassium phosphate (pH 6.8) and 550 mM NaCl.
Preparation of the p62 PH Domain of Human TFIIH
The unlabeled, 15N-labeled, and 13C/15N-labeled fragments of human TFIIH
p62 PH domain (residues 1–108) were prepared as previously described
(Okuda et al., 2008). In brief, they were expressed as glutathione S-transferase
(GST)-fused products in pGEX-4T vectors (GE Healthcare) in E. coli BL21(DE3)
(MerckMillipore). Lysed supernatant was loaded onto a glutathione Sepharose
column (GE Healthcare). The eluate was then digested with thrombin to
remove the GST. After concentration using an Amicon Ultra device (Merck
Millipore), the sample was applied to a Superdex75 column (GE Healthcare).
Preparation of Human XPC Peptides
The wild-type, Ser129-phosphorylated, and mutated peptides of human XPC
(residues 124–142) were purchased from Sigma Genosys.
NMR Spectroscopy
Collection of NMR spectra and structural calculation are detailed in Supple-
mental Experimental Procedures.
ITC
The Kd values of the interaction between p62 PH domain and XPC (residues
109–156 and 124–142) were measured by ITC using a VP-ITC calorimeter
(MicroCal). Calorimetric titrations between 100 mM XPC in the syringe (25 3
20-ml injections) and 2 ml of 10 mM p62 PH domain in the cell were carried
out at 20C in 20 mM potassium phosphate (pH 6.8). Each injection took place
in 4 s with a pre-injection delay of 210 s, and a syringe stirring speed of
307 rpm. Data were analyzed using the Origin software package (MicroCal).1837, October 6, 2015 ª2015 Elsevier Ltd All rights reserved 1835
Cell Lines and Cultures
The XPC-deficient human fibroblast cell line (XP4PASV) was cultured at 37C
in DMEM containing 10% fetal bovine serum. For stable expression of FLAG-
tagged XPC, the pIREShyg construct was used as described previously (Nishi
et al., 2005). The W133A and/or V136A mutations were introduced with the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies).
The constructs were linearized and introduced into XP4PASV cells by electro-
poration using a Gene Pulser II (Bio-Rad). Stable transformants were selected
by culturing in the presence of 200 mg/ml hygromycin B.
Immunoprecipitation
Cells (typically in 60-mm dishes) were washed twice with PBS and lysed with
0.5 ml of ice-cold NP lysis buffer (25 mM Tris-HCl [pH 8.0], 1 mM EDTA, 10%
glycerol, 1% Nonidet P-40, 1 mM DTT, and 0.25 mM phenylmethylsulfonyl
fluoride [PMSF]) containing 0.15 M NaCl and a protease inhibitor cocktail
(1 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mg/ml pepstatin, 50 mg/ml Pefabloc
SC). After incubation on ice for 1 hr, the cell lysates were scraped into
1.5-ml test tubes and centrifuged for 10 min at 20,000 3 g. The resulting
supernatant fractions were mixed with 25 ml of anti-FLAG M2 agarose beads
(Sigma-Aldrich) and rotated at 4C overnight. The beads were then washed
extensively with NP lysis buffer containing 0.15 M NaCl and 0.25 mM PMSF.
Bound proteins were eluted with the same buffer containing 0.5 mg/ml
FLAG peptide (Sigma-Aldrich).
Assessment of Cellular NER Activities
Clonogenic UV survival assays were performed as described previously (Mat-
sumoto et al., 2015). To quantify UV-induced 6-4PPs in genomic DNA, the
lesion-specific monoclonal antibody (64M-2, Cosmo Bio) was used for the
enzyme-linked immunosorbent assays as described previously (Matsumoto
et al., 2015).
Local UV Irradiation and Immunofluorescence Analyses
Cells were cultured in poly-D-lysine-coated, 35-mm glass-bottomed dishes
(MatTek). Local UV irradiation was performed by using isopore polycarbonate
membrane filters (5 mm pore size; Merck Millipore) as described previously
(Katsumi et al., 2001). The cells were washed twice with PBS and fixed at
room temperature for 10 min with 2% (w/v) paraformaldehyde (Alfa Aesar). Af-
ter additional washes with PBS, the cells were treated for 10 min at room tem-
perature with PBS containing 0.5% (v/v) Triton X-100 and then incubated for
30 min at room temperature in PBS containing 0.05% (v/v) Triton X-100 and
3% (w/v) BSA to block nonspecific antibody adsorption. During the following
procedures, the dishes were washed three times with PBS after each individ-
ual incubation. Samples were incubated with a primary antibody (anti-XPC
[Sugasawa et al., 1996] or anti-XPB [S-19; Santa Cruz Biotechnology]) for
1 hr at 37C, and then with an Alexa Fluor 488-labeled, anti-rabbit immuno-
globulin G (IgG) antibody (1:500 dilution; Molecular Probes) for 30 min at
37C. All antibodies were diluted with PBS containing 0.05% (v/v) Triton
X-100 and 3% (w/v) BSA. For visualizing UV-induced cyclobutane pyrimidine
dimers, the samples were further treated successively with 2% (w/v) parafor-
maldehyde for 10 min at 37C, with 2 M HCl (to denature DNA) for 15 min at
37C, with the lesion-specific monoclonal antibody (TDM-2; Cosmo Bio) for
60 min at 37C, and then with an Alexa Fluor 594-labeled, anti-mouse IgG
antibody (1:1,000 dilution; Molecular Probes) for 30 min at 37C. Dishes
were mounted in drops of Vectashield (Vector Laboratories). Fluorescence mi-
croscopy was performed using an Olympus IX71 instrument and Metamorph
software (Molecular Devices).
ACCESSION NUMBERS
The structural coordinates of the complex between XPC109–156 and p62 PH
domain have been deposited under accession number PDB: 2RVB.
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